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Wnt-signal transduction through -catenin is thought to
require the inhibition of GSK3 by Frat/GBP. To investi-
gate the role of Frat in mammalian development, we
have generated mice with targeted mutations in all three
murine Frat homologs. We show that Frat is normally
expressed at sites of active Wnt signaling. Surprisingly,
Frat-deficient mice do not display gross abnormalities.
Moreover, canonical Wnt signaling in primary cells is
unaffected by the loss of Frat. These studies show that
Frat is not an essential component of the canonical Wnt
pathway in higher organisms, despite the strict require-
ment of Frat/GBP for maternal Wnt signaling in Xeno-
pus.
Supplemental material is available at http://www.genesdev.org.
Received September 29, 2004; revised version accepted
December 17, 2004.
Canonical Wnt-signal transduction contributes to the
control of cell proliferation and differentiation. The turn-
over of free cytoplasmic -catenin is normally regulated
through phosphorylation by GSK3, which resides in a
complex together with Axin and APC. Binding of extra-
cellular Wnt to Frizzled/LRP transmembrane receptors
initiates an intracellular signaling cascade comprising
Dishevelled (Dvl) that typically results in the inhibition
of GSK3. As a result, unphosphorylated -catenin accu-
mulates in the cytoplasm and interacts with TCF/LEF
factors to induce transcription of downstream target
genes (see Fig. 4A, below). It is generally assumed that
Frat competes with Axin for binding to GSK3 and ti-
trates GSK3 away from the scaffolding complex, thus
preventing the phosphorylation and degradation of
-catenin (Li et al. 1999; Farr et al. 2000; Bax et al. 2001;
Ferkey and Kimelman 2002; Dajani et al. 2003).
Frat1 was identified as a proto-oncogene that conveyed
selective advantage to cells at later stages of murine T-
cell lymphomagenesis (Jonkers et al. 1997). Its biological
function, however, remained elusive until its Xenopus
homolog GBP was isolated as a GSK3-binding protein.
Depletion of the endogenous GBP pool in oocytes pre-
vented formation of a normal body axis in developing
embryos, and GBP was thus shown to be a core compo-
nent of the canonical Wnt pathway in Xenopus (Yost et
al. 1998; Dominguez and Green 2000; Farr et al. 2000).
Like GBP, Frat is able to induce secondary axis formation
upon ectopic expression in Xenopus embryos by stabi-
lizing -catenin levels (Jonkers et al. 1999), and overex-
pression of Frat is sufficient to induce -catenin/TCF-
dependent reporter gene activity (van Amerongen et al.
2004). Moreover, the observation that Frat also interacts
with Dvl (Li et al. 1999) made Frat an attractive candi-
date for the “missing-link” bridging signaling from Dvl
to GSK3.
Except for the GBP depletion experiment in Xenopus,
however, all studies claiming a role for Frat in canonical
Wnt signaling have been based on overexpression stud-
ies. Therefore, the question whether Frat is a core com-
ponent of Wnt signaling through -catenin in higher ver-
tebrates has so far remained unanswered. To analyze the
effects of Frat deficiency on mammalian development
and Wnt signaling, we have generated triple-knockout
(TKO) mice that lack all three murine Frat homologs.
Remarkably, Frat-TKO mice are viable, healthy, and fer-
tile. In addition, in vitro assays on primary Frat-deficient
cells show that Wnt signaling through -catenin is un-
affected by the loss of Frat. Hence, we conclude that Wnt
signaling in higher vertebrates is not critically dependent
on Frat.
Results and Discussion
Although the Wnt pathway is conserved in lower organ-
isms, only vertebrates harbor Frat orthologs (Supple-
mentary Fig. 1A). All Frat proteins contain conserved N-
and C-terminal regions that have been proposed to con-
stitute functional domains. The N-terminal leucine-rich
sequence was shown to drive nuclear export of Frat/
GSK3 complexes (Franca-Koh et al. 2002), whereas se-
quences in the C terminus encompass the IKEA-box,
which represents the GSK3-binding site (Yost et al.
1998).
We have previously generated Frat1 knockout mice
(Jonkers et al. 1999). These mice are healthy and fertile
and do not have an obvious phenotype. We have since
then cloned Frat2 and Frat3, which show 68% and 84%
amino acid identity to Frat1, respectively (Jonkers et al.
1999; van Amerongen et al. 2004). Frat2 and Frat3 show
a substantial overlap in expression with Frat1, and either
gene might compensate for loss of Frat1 due to func-
tional redundancy between the three homologs. We gen-
erated Frat2- and Frat3-knockout mice by replacing most
of the respective coding sequences with a lacZ reporter
gene (Supplementary Fig. 1B). Similar to Frat1 knockout
mice, Frat2- and Frat3-deficient mice appear normal.
Frat3 is an imprinted gene, present in mice and rats but
not humans. The fact that Frat3-knockout mice are nor-
mal (Supplementary Fig. 2) demonstrates that the gene is
not causally involved in the Prader-Willi syndrome in
mice as has been postulated (Kobayashi et al. 2002).
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Frat1 is expressed in a broad range of neural and epi-
thelial tissues (Jonkers et al. 1999; Saitoh et al. 2001,
2002; Freemantle et al. 2002; van Amerongen et al. 2004).
A detailed analysis of the lacZ activity in Frat2+/lacZ mice
shows a similar expression pattern (Supplementary Fig. 3;
data not shown). In fact, close comparison of lacZ expres-
sion in Frat1+/lacZ and Frat2+/lacZ mice reveals an almost
identical expression pattern, suggesting that the two
genes are closely coregulated (Fig. 1). It also lends sup-
port to the notion that Frat1-deficient mice have no phe-
notype due to functional redundancy with Frat2, rather
than Frat3 (Jonkers et al. 1999). Interestingly, lacZ ex-
pression in Frat1+/lacZ and Frat2+/lacZ mice shows a sig-
nificant overlap with that of BAT-gal transgenic mice
(Supplementary Fig. 3), which serve as a readout for ca-
nonical Wnt signaling (Maretto et al. 2003). Thus, endog-
enous Frat expression closely matches the in vivo pat-
tern of -catenin/TCF activity, in agreement with its
presumptive role in canonical Wnt signaling.
Surprisingly, Frat-TKO mice were born at the expected
Mendelian ratios from intercrosses of Frat triple-hetero-
zygous mice. TKO mice thrived to old age comparable to
littermate controls. In addition, no anatomical abnor-
malities were observed during microscopic analysis of
histologic tissue sections (data not shown).
Based on the design of the targeting vectors, all knock-
out alleles have lost the Frat-coding sequences starting at
the initiation codon and extending beyond the conserved
domain containing the binding site for GSK3. No func-
tional proteins can therefore be expressed from the re-
maining sequences of these intronless genes. Since en-
dogenous Frat proteins cannot be readily detected, we
analyzed the targeted loci by RT–PCR (Supplementary
Fig. 1D). Expression analysis with primers located in the
3-UTR revealed read-through in the Frat1 and the Frat2
knockout alleles, despite the presence of a poly(A) se-
quence in the targeting cassette. However, RT–PCR with
primers located in the coding region revealed that no
Frat1, Frat2, or Frat3 coding sequences were transcribed
in Frat-TKO mice, whereas Frat expression was readily
detected in heterozygous littermate controls, confirming
that Frat-TKO mice have lost expression of all Frat-cod-
ing sequences. In Xenopus the maternal pool of GBP is
required for Wnt signaling in early development. To rule
out any effects of maternal or paternal Frat in early em-
bryonic Wnt signaling, we also mated Frat-TKO mice.
Both male and female TKO mice pro-
duced healthy offspring in crosses to
wild-type mice as well as in homozygous
intercrosses (data not shown).
Wnt signaling, converging on the acti-
vation of LEF/TCF transcription factors,
is essential for hematopoietic stem-cell
renewal and defined stages of T-cell and
B-cell differentiation (Verbeek et al.
1995; Okamura et al. 1998; Schilham et
al. 1998; Reya et al. 2000, 2003; Staal and
Clevers 2000). To characterize endog-
enous Frat expression during lymphoid
differentiation, we visualized -galacto-
sidase activity encoded by the lacZ knock-
in alleles by flow cytometry (Table 1;
Supplementary Fig. 4). Staining patterns
between Frat1+/lacZ and Frat2+/lacZ mice
were identical (data not shown). During
T-cell differentiation, Frat expression is
strongly induced in DN2 cells, which is the first subpopu-
lation of cells committed to the T-cell lineage, and main-
tained throughout DN3 and DN4. Thus, Frat is ex-
pressed prior to the stages at which T-cell differentiation
is severely affected in the absence of TCF/LEF (DN3).
During lineage commitment to CD4 and CD8 T-cells,
low levels of Frat expression are maintained only in CD4
T-cells. In B-cell differentiation, Frat expression is
mainly observed in immature B-cells that do not yet ex-
press IgM on the cell surface (Supplementary Fig. 4B;
data not shown). Taken together, these data indicate that
Frat is expressed at defined stages of lymphocyte differ-
entiation. Moreover, the expression pattern largely over-
laps with stages that display functional -catenin/TCF
activity.
Surprisingly, analysis of Frat-TKO mice did not reveal
changes in lymphocyte differentiation, as judged by the
presence and the relative numbers of all major subpopu-
lations of immature B-cells and T-cells in bone marrow
and thymus. Moreover, mature B-cells and T-cells are
present in normal numbers in the peripheral organs in
Frat-deficient mice (Supplementary Fig. 5; data not
shown). Together with the recent observation that the
conditional inactivation of -catenin in early bone-
Table 1. Frat is expressed in immature lymphoid progenitors






All thymocytes 49% Pre-B-cells 12%
CD4/CD8 DN 18% B220lo cells 47%








Flow cytometry with a fluorigenic lacZ substrate (FDG) on
single-cell suspensions from thymus and bone marrow from
Frat2+/lacZ mice shows expression of Frat in immature T-cells
and B-cells.
Figure 1. Frat1 and Frat2 show an identical expression pattern in neural and epithelial
tissues of developing and adult mice. Comparison of lacZ activity in Frat1+/lacZ (A–D) and
Frat2+/lacZ (E–H) mice reveals overlapping expression between the two homologs. (A,E)
Embryonic day 8.5 (E8.5) embryo. (B,F) E10.5 embryo. (C,G) Adult hippocampus. (D,H)
Adult skin.
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marrow progenitors does not impair hematopoiesis
and lymphopoiesis (Cobas et al. 2004), and given that
SFRP Wnt inhibitors impair T-cell differentiation
in a fashion similar to loss of TCF/LEF (Staal et al. 2001),
these data indicate that Wnt signaling is essential for
the maintenance of cell numbers in the hematopoietic
compartment, but not critically dependent on the
regulation of GSK3 by Frat or on the activation of
-catenin.
Extensive studies regarding the distribution and activ-
ity of Wnt-pathway components in the intestine has
shown that canonical Wnt signaling is required for crypt
and villus architecture and for epithelial proliferation
(Batlle et al. 2002; Pinto et al. 2003). The overall picture
that has formed from these studies is that active Wnt
signaling, defined by the presence of nuclear -catenin, is
restricted to crypts where cells maintain a proliferative
and undifferentiated phenotype. Cells lose free -catenin
as they move up the villus and differentiate. The result-
ing gradient of canonical Wnt signaling ensures the
proper cues for proliferation, differentiation, and migra-
tion of intestinal epithelial cells along the villus axis.
LacZ activity in the intestine of adult Frat1+/lacZ and
Frat2+/lacZ animals (Fig. 2A–D; data not shown) provides
the most striking example of Frat expression coinciding
with Wnt/-catenin activity. Both in the small and large
intestine, Frat expression is restricted to the crypts. Nev-
ertheless, we found no changes in the level or localiza-
tion of -catenin and several additional proliferation and
differentiation markers in the intestinal epithelium of
TKO mice (Fig. 2E–P). Nuclear -catenin was observed
exclusively in the bottom-most cells of the crypt. Like-
wise, no changes were seen in the localization or number
of cells that stained with the proliferation marker Ki67.
In addition, the EphB2/EphrinB1 gradients were unaf-
fected in TKO mice. Hence, we conclude that loss of Frat
does not affect the delicate balance between proliferation
and differentiation in the mouse intestine, despite the
fact that it is expressed at sites that display Wnt-pathway
activity.
To study whether Frat modulates the threshold at
which an upstream Wnt signal activates downstream
pathway components, we isolated primary fibroblasts
(MEFs), in which Frat mRNA is readily detectable, from
E13.5 TKO embryos and control littermates. There was
no difference in growth rate between the different geno-
types when the cells were cultured in a 3T3 protocol
(data not shown), allowing for a direct comparison be-
tween Frat-proficient and Frat-deficient cells in several
in vitro assays. Canonical Wnt-signal transduction is ac-
tivated in control and TKO MEFs after stimulation with
Wnt3A-conditioned medium (CM) (Fig. 3A) as evidenced
by the accumulation of unphosphorylated -catenin (van
Noort et al. 2002). We next transfected the cells with the
TOPFLASH luciferase reporter, which allows a quantifi-
able readout of -catenin/TCF-dependent gene activity
(Molenaar et al. 1996). Control and TKO cells show com-
parable levels of reporter gene activation in response to
Wnt3A-CM (Fig. 3B). To determine whether canonical
Wnt signaling is activated less efficiently in the absence
of Frat, we exposed the cells to increasing concentrations
of Wnt3A-CM and analyzed the nuclear translocation of
-catenin by immunofluorescence (Fig. 3C). Nuclear
-catenin accumulates after stimulation with a similar
dilution of CM in control and TKO cells. Thus, Frat-
TKO cells are as sensitive and as responsive to stimula-
tion with Wnt3A-CM as are cells isolated from control
littermates.
Figure 2. Loss of Frat does not affect the intestinal Wnt gradient. (A–D) LacZ staining on duodenum (A,B) and colon (C,D) shows
that Frat2 expression is restricted to intestinal crypt cells. (A,C) Frat2+/lacZ. (B,D) Littermate control. (E–P) The expression of different Wnt-
related markers is unchanged in Frat-TKO intestine. (E–J) Frat-TKO. (K–P) Littermate control. (E,K) -Catenin, 40×. F and L are close-ups of
crypts depicted in E and K, respectively. (G,M) Ki67, 40×. (H,N) EphrinB1, 40×. (I,O) EphB2, 40×. J and P are close-ups of crypts depicted in I and
O, respectively.
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The observation that Frat-TKO animals do not show
perturbations in Wnt-signal transduction might be ex-
plained in several ways. First of all, the requirement for
GBP in the maternal Wnt pathway in Xenopus might
reflect a species-specific phenomenon. The effects of Frat
deficiency in higher organisms might be less severe due
to more complex and additional regulatory mechanisms
or parallel pathways. Alternatively, functional compen-
sation during development may have limited the effects
of Frat loss. As both the evidence for the requirement of
a maternal Wnt pathway in axis determination in ze-
brafish (Sumoy et al. 1999; Nojima et al. 2004) as well as
the genetic tools allowing manipulation of its genome
(Anderson and Ingham 2003; Wienholds et al. 2003) be-
gin to accumulate, it will be interesting to see whether
the phenotype described in Xenopus will be recapitu-
lated in zebrafish upon the abolishment of Frat/GBP
function. Secondly, Frat might be required for a limited
and specific subset of Wnt/-catenin-dependent pro-
cesses, not causing anatomical abnormalities. Given the
high levels of Frat expression in brain and spinal ganglia,
additional studies are needed to determine whether, for
example, more complex neurological behavior is dis-
turbed in Frat triple-knockout mice. Such a phenotype
would not be unprecedented for mice lacking Wnt-path-
way components, since mice deficient for Dvl1 also have
a subtle phenotype that results in defects in social be-
havior (Lijam et al. 1997; Long et al. 2004). In the third
place, Frat might be recruited under specific circum-
stances to increase the efficiency of signal transduction
through -catenin/TCF or feed into the Wnt pathway
from a parallel route independent from Wnt-ligand
stimulation (Fig. 4B, left). Finally, despite the fact that
Frat is a potent activator of canonical Wnt signaling
upon overexpression, it is possible that its endogenous
function is related to one of the numerous other GSK3-
dependent cellular activities (Fig. 4B, right). Whatever
the outcome, the Frat-TKO mice provide a powerful sys-
tem to explore all these possible scenarios. In summary,
based on our observations that Frat-TKO mice do not
present with overt defects and that Frat-TKO cells are as
sensitive and as responsive to an external Wnt stimulus
as control cells, we conclude that, in spite of its strong
evolutionary conservation, Frat is not a crucial core com-
ponent of the canonical Wnt-signaling cascade in higher
organisms.
Materials and methods
Generation of Frat-knockout mice
Frat2 and Frat3 single-knockout mice were generated analogous to Frat1-
knockout mice (Jonkers et al. 1999). Most of the coding sequence was
replaced by a knockout cassette containing a promoterless lacZ-reporter
gene followed by a selection cassette, resulting in lacZ-reporter gene
expression under control of the endogenous Frat promoter. Gene target-
ing in embryonic stem (ES) cells was performed as described (Jonkers et
al. 1999). Details on the construction of targeting vectors and the gen-
eration of Frat-knockout mice are provided in the Supplemental Mate-
rial.
LacZ analysis
To detect lacZ activity, stainings were performed according to Hogan
(1994) with minor modifications (see Supplemental Material).
Cell culture and transfections
Primary MEFs were isolated and cultured according to Jacobs et al. (1999)
and propagated according to a 3T3 protocol. Cells were grown in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, glutamine, penicillin/streptomycin (GIBCO), and 50 µM -mer-
captoethanol under 5% CO2 at 37°C in humidifying conditions.
On the day prior to transfection cells were plated in 12-well tissue
culture plates. Cells were transfected with 0.5–1 µg DNA per well using
FuGene (Roche). For each transfection 200 ng of TOPFLASH, 100 ng of
Figure 3. Sensitivity to Wnt ligand and the -catenin/TCF response are unimpaired in Frat-TKO cells. TKO and littermate control MEFs were
stimulated with control L-cell (lanes labeled C) or Wnt3A-CM (Wnt3A). Activation of canonical Wnt signaling was determined by Western blot
analysis of unphosphorylated -catenin (A), TOPFLASH luciferase reporter activity (shown are the averages of two experiments on independent
MEF isolates, each performed in triplicate) (B), and immunofluorescence to visualize the nuclear accumulation of -catenin following titration
of different dilutions of Wnt3A-CM (ranging from 1:100 to 1:2) (C).
van Amerongen et al.
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Renilla, 100 ng of human TCF4, and 100 ng of GFP were cotransfected.
At 24 h after transfection, a 1:4 dilution of Wnt3A- or L-cell-conditioned
medium was added to the cells.
L-cells and L-cells stably expressing Wnt3A were a gift from Dr. Trevor
Dale (ICR, London, UK), and conditioned medium was prepared as de-
scribed previously (Shibamoto et al. 1998). Cells were harvested 48 h
after transfection and analyzed with the dual luciferase assay (Promega)
according to the manufacturer’s instructions in a Lumat LB 9507 Lumi-
nometer (Berthold Technologies).
Western blotting
Primary MEFs were grown for 24 h in the presence of Wnt3A- or L-cell-
conditioned media and lysed in RIPA buffer supplemented with protease
inhibitors (Roche). Protein concentration was determined using a colori-
metric assay (Bio-Rad), and equal amounts of protein were run on a 10%
SDS-PAGE gel and analyzed on Western blot using ECL (Pierce). Anti-
bodies were used recognizing GSK-3 (1:2500; Transduction Laborato-
ries) or nonphosphorylated -catenin (8E4, 1:1000; Alexis). The second-
ary antibody was goat–anti-mouse-HRP (1:5000; Biosource).
Immunofluorescence
Cells were plated on glass chamber slides and stimulated with Wnt3A- or
L-cell-conditioned medium for 24 h. Cells were fixed in 4% paraformal-
dehyde, permeabilized with 0.2% Triton X-100, and incubated with a
primary antibody recognizing -catenin (1:500; Transduction Laborato-
ries) and a FITC-conjugated secondary antibody (1:500; Molecular
Probes).
Immunohistochemistry
Details on immunohistochemistry are provided in the Supplemental Ma-
terial.
Flow cytometry
Single-cell suspensions were isolated from thymus, spleen, and bone
marrow, incubated with appropriate antibodies and analyzed by flow
cytometry. Flow cytometric analysis of lacZ activity was performed as
previously described (Hendriks et al. 1999). A list of antibodies is pro-
vided in the Supplemental Material.
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